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ADMINISTRATIVE INFORMATION

HYDRONAUTICS, Incorporated was authorized (Reference 1) to

carry out a program of model tests and related engineering

studies of the resistance and propulsion characteristics of a

Small Waterplane Area Twin Hull Ship (SWATH) for DTNSRDC,

Code 117. This work was sponsored as part of the Task IVA

effort by the Advanced Naval Vehicles Concepts Evaluation Pro-

ject Office (OP 96V). Funding was provided under Program

Element Number 63534 N, Project Number SSH15.
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INTRODUCTION

The experimental program consisted of resistance (EHP)

tests of SWATH VI-A fully appended, resistance (EHP) tests of

SWATH VII with and without appendages, a wake survey of SWATH

VII fully appended at a speed corresponding to 20 knots full

scale, and resistance tests of SWATH VII with various stern fin

deflections. The calculations included a design study of al-

ternative wake adapted propellers, and estimates of propulsive

performance under certain extraordinary machinery operating

conditions.

This report presents the results of the model tests and

the calculation of propulsive performance.

'*1 __ _ _
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BACKGROUND

The main objective of this effort is to obtain drag data

and wake data for the SWATH VII Form, and using this data to

obtain estimates of the required propulsive horsepower for the

design displacement of 4355 metric tons. A secondary objective

was to determine the stern pitch fin settings for minimum drag

and, to do this, drag tests were performed for three speeds and

a range of fin angles.

In addition, in order to obtain direct comparisons between

the drag of SWATH VI-A and VII, a drag test of VI-A as received

was performed using test procedures consistent with those for

SWATH VII.

Description of Ship and Model

A scale model of the SWATH VI-A was furnished to HYDRONAUTICS,

Incorporated by DTNSRDC. The scale ratio for this configuration

was 22.5:1. The geometric characteristics of the ship and model,

designated 7694-1, are given in Table 1. The parameters which

most strongly influence drag characteristics are the hull length-

to-diameter ratio of 16.0, the strut waterplane area coefficient

of 0.85 and the strut maximum thickness of 0.098 meter.

At the conclusion of the comparative drag test of SWATH VI-A,

the model was modified to a configuration designated SWATH VII in

accordance with instructions from DTNSRDC. The modifications are

detailed in the drawings included in Appendix A The model mod-

ifications consisted of lengthening the sidehulls, manufacturing

new struts, and fitting these parts to the cross-structure at a
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Table 1

Geometric Characteristics of Ship and
Model 7694-1

SWATH VI-A Model
Characteristic Ship 7694-1

Linear Scale Ratio 22.5

Length, Hull, Meter 74.20 3.298

Diameter, Hull, Meter 4.57 0.203

Length, Strut, Meter 52.52 2.334

Spacing, CL to CL of hulls, Meter 22.86 1.016

Draft, Meter 8.13 0.361

Trim, Meter 0 0

Displacement, Metric Tons, kgs 2922 249.52

Wetted Surface:

Sidehulls and Struts, M 2534.62 5.007

Bow Pitch Fins, M2  34.524 0.0682

Stern Pitch Fins, M 100.93 0.1994

Prismatic Coefficient, Hull 0.85 0.85

Thickness, Strut, Meter 2.21 0.098

Waterplane Area Coefficient, Strut 0.85 0.85
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slightly increased spacing between sidehulls. The character-

istics of this configuration, designated Model 7694-2, are given

in Table 2. Photographs of the model are given in Figure 1.

Of these changes, the parameter mainly responsible for the

greatly improved wavemaking characteristics that were measured

was the new hull length-to-diameter ratio of 20. The new strut

had a slightly reduced maximum thickness of 0.095 meter, but the

waterplane area coefficient remained at 0.85.

.
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Table 2
Geometric Characteristics of Ship and

Model 7694-2

SWATH VII Model

Characteristic Ship 7694-2

Linear Scale Ratio 24.0

Length, Hull, Meter 97.54 4.064

Diameter, Hull, Meter 4.877 0.203

Prismatic Coefficient, Hull 0.88 0.88

Length, Strut, Meter 66.59 2.776

Thickness, Strut, Meter 2.286 0.095

Waterplane Area Coefficient, Strut 0.85 0.85

Spacing, CL to CL of Hulls, Meter 27.13 1.130

Draft, Meter 8.67 0.361

Trim, Meter 0 0

Displacement, Bare Hull, Metric Tons, kgs 4355 N.A.

Wetted Surface:

Sidehulls and Struts, M 3568.3 6.195

Rudders, ? 103.6 0.180

Bow Pitch Fins, Mf 39.28 0.068

Stern Pitch Fins, M2  114.84 0.199

* _ _ _ _ _ _ _ _ _ _ _ _ _ --.!-~_ _ _ _ _ _ _ _ _ j
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MODEL TEST PROGRAM

This section of the report describes the test equipment

and presents the test results expanded to ship form.

Test Apparatus and Procedures

The experiments were conducted in the HYDRONAUTICS Ship

Model Basin (HSMB) which is described in detail in Reference 2.

The basin is 420 ft in length, 25 ft wide, and 13 ft deep.

Drag (EHP) Tests

By mutual agreement with DTNSRDC, the drag tests were con-

ducted with the model at zero trim to facilitate correlation

with the analytic drag predictions. Further, for the VI-A tests

the model was free in heave, but for the VII tests the model

was fixed in heave to facilitate testing with numerous pitch fin

settings.

In both cases, model drag was measured using standard 4-inch

variable reluctance force "block gages."

Wake Survey

The wake survey test to determine the longitudinal, radial

and tangential velocity components in the propeller plane was

made using a pitot-static yaw head rake. The rake was 4 pitot

probes fixed at radial positions of 1.5, 2.7, 3.9 and 5.1 inches

model scale from the propeller shaft centerline and is fixed to

a shaft supported by the stern tube bearings. The rake was

placed so that the probe tips lie in a typical propeller plane,
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and rotated in angular position.

The outputs from the pitot tubes were measured by pressure

transducers which were connected to the rake by flexible tubing.

The rake/transducer assembly was precalibrated, and check cals

were made on the individual transducers.

The wake survey was conducted at the 8.67 meter draft for

SWATH VII at 20 knots with rudder, bow pitch fin and stern pitch

fins all set at nominal zero deflection (parallel to the craft

lower-hull centerline). The test measurements were made at

15-degrees radial spacings throughout the 360-degree propeller

disc.

...

.1
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REDUCTION AND PRESENTATION OF RESULTS

The data obtained from the various tests have been reduced

in accordance with accepted practice as described in detail in

the following sections. The predictions are presented in appro-

priate graphical or tabular form to provide the required infor-

mation about the ship's performance.

Resistance Characteristics

The resistance data were expanded to ship values using the

Froude hypothesis: CR model equals CR ship, the ITTC correlation

coefficients, and a correlation allowance of 0.0005 specified by

DTNSRDC. In computing the frictional resistance of the model and

ship, the bow and stern pitch fins were treated as separate sur-

faces, and the rudders for SWATH VII were considered as an ex-

tension of the strut for purposes of calculating their specific

friction resistance. A breakdown of the ship wetted surface com-

ponents is given in Table 3 as used for expanding model data.

The predicted ship EHP values are given in Figure 2 for

SWATH VI-A Appended in Figure 3 for SWATH VII Bare Hull, and in

Figure 4 for SWATH VII Appended. The EHP values are tabulated

in Tables 4, 5 and 6.

Actual test data spots reduced to residuary resistance co-

efficient, CR, form are given in Appendix B for further analysis

by others.

For the tests with varying stern pitch fin angle, the EHP

results are given in Figure 5. This figure shows the variation

in EHP with fin angle for three speed contours, VK = 16, 18 and

20 knots.
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SWATH VI-A - APPENDED
(Model 7694-1)

Displacement 2922 Metric Tons i-
70 Length, Lower H ull1 74.20 m

-~Hull Spacing 22.86 m T.
Draft 8.13 m
Trim 0H-ZE T
Appendages: Bow Pitch Fins, Stern 74I

60 Pitch Fins

HYDRONAUTICS SHIP MODEL BASIN
Laurel, Maryland

-- September 1976

50 IIIL Friction LA 0.0005

. . . . . .. . ... .... ... .

O 40....~__

U-1

0..... . ...: .. . .

0152253

SHPSPE, nt
FIUE2-PRDCE H FRSAHV-A-APNE
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SWATH VI I - BAREHULL ... ....
(Model 7694-2)

70 - Displacement 4355 Metric Tons A
Length, Lower H ull1 97.54 m
Hull Spacing 27.13 m

-Draft 8.67 m
__ ~Trim 0

60 Appendages: None

+ HYDRONAUTICS SHIP MODEL BASIN

CV)

2 50ITTC Friction C =0.0005 -

I-q

2 0 ..... ...

10

U- 0152253
SHPSPEUnt

FIUE3JPEITDEPFO:WT I AEHL
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801 - -

SWATH VII1 APPENDED ---- ......

I(Model 7694-2) -*- - _

Length, Lower Hull 9 7.54 m
7 -- Hull Spacing 27 . 1 3 m .....

Draft 8.67 m

Trim da es Bow Pitch Fins, Stern -.....- - ----
-- -~ Appendages:.

Pitch Fins, Rudders
_______..........
HYDRONAUTICS SHIP MODEL BASIN----
I Laurel, Maryland

September 1976 - -----

50ITTC Friction C 0.0005 ,

C A ........ ......

C

LU -- - -- --_--__-- -

20

10 ~~+ 7H _______ _L ___ ___ __

1U 0 1 02 1_
4^~~~S I SP E Kn t -- ' L -* - _ -_ .---- 1---,-.

FC)R 4..REITE.HPFR.WTH... PPNE

>__------
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Table 4
Effective Horsepower for SWATH VI-A

Appended at a Displacement of
2922 Metric Tons

VK EHP

12 1,707

14 3,512

16 5,311

18 5,789

20 8,977

22 15,572

24 22,171

26 28,634

28 34,580

29 36,750
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Table 5
Effective Horsepower for SWATH VII
Bare Hull at a Displacement of

4355 Metric Tons

VK EHP

10 1,097

12 1,803

14 2,643

16 4,277

18 6,854

20 8,140

22 10,287

24 16,695

26 24,611

28 32,624

30 39,833

!I
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Table 6
Effective Horsepower for SWATH VII

Appended

VK Knots EHP

10 1,169

12 1,988

14 3,104

16 4,631

18 7,518

20 8,615

22 11,107

24 17,342

26 25,832

28 35,163

30 42,850
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Wake Characteristics

The data derived from the pitot-static yaw head rake

measurements in the propeller plane have been reduced to com-

ponents of longitudinal velocity Vx, radial velocity Vr and

tangential velocity Vt. The individual data points, expressed

in nondimensional form as ratios to model velocity, are listed

in Table 7 for each of the four radial locations. The radial

locations are nondimensionalized on lower hull diameter.

The data in Table 7 are plotted to show circumferential

variation in Figures 6-9. Figure 6 gives circumferential dis-

tribution at r/rh = 0.375, Figure 7 at r/rh = 0.675, Figure 8

at r/r = 0.975 and Figure 9 for r/r 1.275.
h h

A contour map of the longitudinal velocity components is

given in Figure 10.

i I.

___I__I______________I__
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SWATH VII - APPENDED AT r/r = 0.375
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ENGINEERING STUDIES

General

The experimental program described herein was devoted prim-

arily to predictions of the SWATH resistance. However, speed

power performance is also greatly affected by propulsor char-

acteristics. Therefore, a number of engineering studies were

carried out as described in the following sections to augment

the resistance experiments for arriving at performance predictions.

Specific Propeller Designs

In accordance with Reference 1, propeller parametric designs

were carried out for two particular propellers having diameter/

hull diameter ratios of 0.90 and 1.10. These were tailored to

the EHP and wake characteristics of SWATH VII at 20 knots. For

each propeller, the BAR was selected based upon cavitation con-

siderations, and an arbitrary thickness distribution was selected

so as to give conservative stress levels. Using these, and a

variety of pitch distributions, calculations of the propulsive

coefficient were made for a range of shaft rpm values. The re-

sults are shown in Figure 11 for Propeller 7694-90 and in

Figure 12 for Propeller 7694-110. The assumed hull/propeller

interaction factors are also shown. Open water efficiencies

are not shown because these are wake adapted propellers. Details

of the calculations and the propeller configurations are given

in Appendix C. From this range of designs, the maximum propul-

sive efficiency was designated as the optimum. The character-

istics of these two propellers are given in Table 8. Of course,
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other considerations will ultimately enter into the propeller

design optimization.

Effects of Diameter Variation

In addition to the two specific propeller designs previously

described, a family of other props were investigated in less de-

tail to gain insight into the efficiency variation with changes

in diameter at optimum rpm values. The estimated propulsive

efficiencies and rpm values for this family are shown in Figure

13.

Off-Design Propeller Performance

Subsequent to the diameter and RPM variation studies described

above, two propellers having diameter/hull diameter ratios of

1.1 were investigated at off-design. One of these was the 20-

knot design propeller designated 7694-110, and a new design was

performed designated 7694-110-36 for operation at 36-knots. The

characteristics of this propeller are also given in Table 8. The

operating RPM of this second propeller was chosen as 130 with a

drag of 28,575 kgs. A lower RPM (higher J) would have more

favorable cavitation characteristics, but an impractically high

pitch-diameter ratio. The off-design performance of these two

propellers is given in Figures 14 and 15 and in Table 9. Supple-

mental design data for propeller 7694-110-36 is given in

Appendix C.
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FIGURE 13 - VARIATION OF OPTIMUM P.C. AND RPM WITH DIAMETER
FOR SWATH VII SHIP AT 20 KNOTS

NOTE: The solid line represents the calculated values of P.C. for a constant
value ( 1.10 ) of 77 H for all diameters - giving (I-t )>1 for large

diameters. In reality, ( 1-t ) should level off at I for large diameters
giving P.C. as indicated by broken line. (Self-propulsion tests with
large propellers would give correct estimates of thrust-deduction in
those cases. )
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Extraordinary Machinery Operating Conditions

The study for locked and free-wheeling shaft, as well as

the calculation of power required to keep one propeller at zero

thrust were carried out using four-quadrant data published in

Reference 3.

In the cases of locked and free-wheeling shaft, the optimum

pitch is the highest obtainable. For the purpose of calculations,

this was assumed to be 120 percent of design pitch. The four-

quadrant thrust and torque coefficients are defined as:

CT? = T/ p[VA2 + (.7wnD) 2 ]A

and

CQ' = Q/ p[VA2 + (.7rnD) 2 ]AD

where

T: thrust

Q: torque

': density of water

VA: velocity of advance

n: rps

D: propeller diameter

A: propeller disk area

Inflow angle, = arctan (VA/.7rnD)
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The locked-shaft drags were calculated using CT' as given

in the four-quadrant data, for the appropriate pitch-ratios, and

zero rotational speed (i.e., for A = 900). (CT' is negative at

= 900 and, therefore, it gives negative thrust - i.e., drag.)

The results of these calculations are given in Table 10.

In the case of free-wheeling propeller, the assumed torque

was 1 percent of full power torque.

For a range of A, values of C Q' were plotted on the four-

quadrant data chart using this value of Q; the value of cor-

responding to the appropriate pitch-diameter ratio was picked

and the corresponding rotational speed was calculated.

The value of CTI corresponding to this combination of pitch

and A was obtained from four-quadrant data chart, and the drag

was calculated using this C ' The results of these calculations

are given in Table 11.

In order to calculate the power required to keep one shaft

at zero thrust, values of and C.' were picked from four-

quadrant data chart at CT ' = 0. The rotational speed correspond-

ing to this value of A was calculated. The torque, Q, was then

calculated to give the power. The results of these calculations

are given in Table 12.
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TABLE 10

SWATH VII Performance,
One Locked Shaft a~t 20 Knots

Prop. No. Drag (Kgs)

76941.-110 39009 -

7694-.110- 365o7
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TABLE 11

SWATH VII Performance,
One Free-Wheeling Shaft at 20 Knots

Prop. No. Assumed Torque Drag (Kgs)

7694~-110 1% of torque on one shaft at 20 knots 9525

7694-llQ-36 1% of torque on one shaft at 20 knots l1140

769 4-.1l0-36 1% of torque on one shaft at 36 knots 17790
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TABLE 12

SWATH VII Performance,
Power Required to Keep One Shaft

at Zero Thrust at 20 Knots

Prop. No. Required Power (SHP)

7694-11o 770 (15% of one shaft power at 20 knots)

7694-110-36 960 (18% of one shaft power at 20 knots)

i1
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APPENDIX B

MODEL RESIDUARY RESISTANCE COEFFICIENTS

B-I - Residuary Resistance Coefficient Test Data for SWATH VI-A -

Fully Appended (Model 7694-1)

B-2 - Residuary Resistance Coefficient Test Data for SWATH VII -

Bare Hull (Model 7694-2)

B-2 - Residuary Resistance Coefficient Test Data for SWATH VII -

Fully Appended (Model 7694-2)

=NNW=
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APPENDIX C

DETAILS OF PROPELLER~ DESIGNS
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Lifting Line Program Output

The lifting line calculations were carried out using the

HYDRONAUTICS, Incorporated computer program PR 192, Version 7.

Besides the Lerbs theory, this program also carries out calcu-

lations for the basic blade geometry and provides information

on cavitation inception. An explanation of the contents and

notations on the output page is presented below.

The propeller number is listed in the title block along

with the program number, which version of the program, and the

date of the last revision. This write-up applies to Version 7,

revised February 1975.

Input parameters are listed at the top of the output page.

The first column of five items contains:

J: The advance ratio = V/nD where V is the ship velocity

(V = Vs), n is rotative speed in rps and D is the

diameter.

LAMBDA: LAMBDA = J/v = V/wnD. LAMBDA is the ratio of

tip speed to ship speed or tan (P) at the tip,

where Pis the inflow angle based on ship speed.

HUB RADIUS: This is the hub radius expressed as a fraction

of the total radius

BLADES: The number of blades on the propeller

EAR: The expanded blade area ratio for all the blades

on the propeller

...........................................
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The second column of five items:

CT: Thrust loading coefficient = T

4pV 2 (D 2

CT = KT (8/(vj 2 )) where T is the thrust in
lbs.

CP: Power loading coefficient = 10 V2'2

CP = KW (16/J 3 ) where P is the input power
in foot pounds per second

KT: Thrust coefficient T = KT = CT(j2J/8)
pn 2 D4

KQ: Torque coefficient = Q = CP(J 3 /16)
pn9 D5

ETA: ETA (n) is the overall propeller efficiency

ETA CT = J This is the efficiency
OP =KW 27r

of the blades only and does not include hub

losses due to cavitation.

This efficiency (n) is related to open water efficient (n 0)

by = 7111rr/(1-w), where 2 = mean volumetric wake. P.C., therefore,

equals n(1-t).

The third column of five items corresponds to the previous

column except that they refer to the "ideal" values. That is,

the values associated with the potential flow, escluding losses

from skin friction. (ETAI) therefore represents the "ideal"

efficiency and is a measure of induced losses. The difference

between (ETA) and (ETAI) is a measure of losses due to blade

friction drag.
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The fourth column presents the radial location of the maxi-

mum blade chord as a fraction of the propeller radius, and the

radio of blade root chord to maximum chord. The last two items

in this column are the equations for obtaining the incipient

cavitation number due to thickness (SIG-T) and loading (SIG-L).

The constants in these equations are read as input data.

The last column of 9 lines contains the input thickness

diameter ratios and the radii at which they occur along with the

minimum thickness chord ratio. These are used to provide a

curve fit to the required thickness distribution. The next two

items are the input drag coefficients at the blade root and tip.

A linear interpolation between these values is used to obtain

the drag coefficients at all other radii. The (ADVANCE SIGMA)

is the reference cavitation number based on the ship velocity,

(CT REQUIRED) is the specified thrust coefficient. An iteration

procedure is required in the program to develop the required

thrust. Therefore (CT REQUIRED) should be compared with the

final (CT), Column 2, to assure that the final thrust is ade-

quately close to the required thrust. The ratio (CTI/CT) is a

measure of the additional ideal thrust the propeller must produce

to overcome its own frictional losses.

The first row labeled (R/RO) is the nondimensional radii at

which the form of the circulation distribution has been specified.

The row labeled (CIRCG) is the input values of circulation dis-

tribution at the corresponding radii. If faired data has been

required, a third row containing the faired circulation distri-

bution is printed and labeled (FAIRED). If unfaired output is
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requested this row is omitted. The two following rows of input,

labeled (AWAKE) and (TWAKE), are, respectively, the mean values

of nondimensional radii.

The following two sets of data are the computed output.

These data have been rounded off, not truncated, to the number

of decimal places provided.

R/RO: Nondimensional radii specified for output on the

first input data card. Each item in a given row

pertains to the radii R/RO listed at the left of

the page.

C/D: Blade chord-diameter ratio.

lOO*T/D: One hundred times the thickness diameter ratio.

T/C: Thickness chord ratio.

UT/2V: Tangential induced velocity at lifting line non-

dimensionalized with respect to ship velocity.

UA/2V: Axial induced velocity at lifting line nondimen- 40

sionalized with respect to ship velocity.

VT/V: Ratio of total velocity at blade (including induced

velocities) to ship velocity.

CL: Section lift coefficient based on VT. Note that CL

is undefined at the blade tip where both lift and

chord go to zero.

lO0*CD: One hundred times the section drag coefficient

based on VT.
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CL*C/D: Radial load parameter. This is like a lift coeffi-

cient but is based on diameter instead of blade

chord. It is therefore independent of the blade

planform.

CT: Differential thrust coefficient per blade.

This value, integrated over the length of the

blade and multiplied by the number of blades

will yield the total CT listed in column two

at the top of the page.

CP: Differential power coefficient per blade.

This value, integrated over the length of

the blade and multiplied by the number of

blades will yield the total CP listed in

column two at the top of the page.

ETAB: Blading efficiency (nBLADE). This is the

ratio of useful work done on the fluid to

the total work input. It Is useful in se-

lecting the blade planform.

1 - (CD/CL) tan ( i)

nBLADE = 1 + (CD/CL)/tan (Si)

'BIADE is undefined at the blade tip. The

tip value can be obtained by extrapolating

the other values to the tip. IBIADE is

usually negative at the root since the root

section usually has a net drag (CT is nega-

tive at the root).

100*GS: One hundred times the nondimensional circu-

lation. OS - Circulation/vDV
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P(I)DIA: Hydrodynamic (including induced flow) pitch-

diameter ratio (hydrodynamic advance ratio).

LAMBDA(I): Hydrodynamic (including induced flow)

pitch-circumference ratio.

kI =.(Pitch-diameter ratio)/r = (R/RO)tan(A1 ).

BETA(I): Hydrodynamic advance angle in degrees, .

(Including induced flow).

TAN(BI): Tangent of hydrodynamic advance angle,

tan (1). This is the ratio of tangential

velocity to axial velocity at each blade

section.

tan ( k) = ,I/(R/R1O).

BETA: Geometric pitch angle in degrees, .

TAN(B): Tangent of geometric pitch angle

tan (B) = ?/R/RO).

SIG-OP: Operating cavitation number (a0 ) at each

radius based on ADVANCE SIGMA and VT.

SIG-T: Incipient cavitation number due to thickness,

%1 (thickness)"
SIG-L: Incipient cavitation number due to loading,

I (loading)"
SIG-I: Total section incipient cavitation number,aI .

0 I = yI(thickness) + ai(loading)"

MARGIN: This is the ratio of aOP to aI and represents

the V2 margin each section has over cavita-

tion Inception.
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The last line of output has the Gawn-Burrill coefficients

computed at the 0.7 radius.

TACU(C): The "mean" lift coefficient

TT = pVRAP

SIGMA: Local cavitation number

UR = Po-Pv)/ PVR

where

V = V V (./JT

V = Ship velocity

Ap: Approximate projected blade area

A = EAR (1.067-0.229 P/D)D2 (r/4)
p P

P = Static pressure0

P = Vapor pressure
V

Li
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